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Abstract
Using synchrotron radiation with a photon energy of 15 keV, the
molecular structure of an adsorbed n-triacontanol layer at the n-
hexadecane – water interface in different its phase states has been
studied by the method of diffuse X-ray scattering. The analysis
of the experimental data shows that a transition to the multilayer
adsorption occurs at a temperature below the two-dimensional va-
por – liquid transition at the interface. This transition has been
attributed to a feature in the temperature dependence of the con-
centration of micelles in a surface layer ∼ 100÷ 200 A˚ thick.
Various reversible two-dimensional transitions between surface
mesophases of fatty alcohols and acids (lipids) are possible in an
adsorbed film at the n-alkane - water interface [1-7]. In particu-
lar, a solid – vapor phase transition is observed in a fluoroalkanol
Gibbs monolayer [5, 8] and a solid – liquid phase transition is ob-
served in a carbon acid monolayer [9]. It was briefly reported in
[10] that a liquid – vapor thermotropic phase transition occurs in
adsorbed n-triacontanol (C30-alcohol) film at the n-hexadecane
– water interface. In this work, the molecular structure of the
neutral surface mesophases of this lipid is studied by diffuse (non-
specular) X-ray scattering and reflectometry with the use of syn-
chrotron radiation. It is shown that a transition from the struc-
ture with a width of ∼ 3 A˚ to a monolayer with a thickness of
≈ 27 A˚ and, then, to a structure 100 ÷ 200 A˚ thick occurs with
decreasing temperature in a relatively narrow temperature range.
We attribute the latter transition to an increase in the concen-
tration of micelles in the surface layer.
An adsorption film at the planar oilwater interface can be con-
sidered as a two-dimensional thermodynamic system with the
parameters (p, T, c), where p is the pressure and c is the con-
centration of the lipid in the volume of the hydrocarbon solvent
[11-13]. According to [10], the liquidvapor transition in the ad-
sorbed C30-alcohol film at the n-hexadecane – water interface
at p = 1atm and c ≈ 0.6mmol/kg is observed at Tc ≈ 300K.
The corresponding temperature dependence of the interfacial ten-
sion γ(T ), measured by the Wilhelmy plate method, is shown
by closed circles in Fig. 1 [10, 14]. A change in the slope
of is due to a change in the surface enthalpy at the transition
∆H = −Tc∆(∂γ/∂T )p,c = 0.42 ± 0.04 J/m
2. At the same time,
the transition to the C30-alcohol monolayer at the n-hexane –
water interface (open circles in Fig. 1) is characterized by the
tripled value ∆H = 1.3± 0.1 J/m2.
The reflection coefficient R and the intensity of diffuse surface
scattering In of X rays at the n-hexadecane – water interface were
measured at the X19C beamline of the National Synchrotron
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Figure 1. Temperature dependences of the interfacial tension
γ(T ) at the n-hexane – water (open circles) and n-hexadecane –
water (closed circles) interfaces with the adsorbed n-triacontanol
layer [10]. The straight lines are linear approximations of the
rectilinear segments of γ(T ).
Light Source (NSLS, Brookhaven National Laboratory, United
States) with the use of radiation with the wavelength λ = 0.825±
0.002 A˚ [15].
Let kin and ksc be the wave vectors of the incident and scat-
tered beams, respectively, with the amplitude k0 = 2pi/λ (see
the inset of Fig. 2). In the coordinate system where the origin
O lies at the center of the illuminated region, the plane xy co-
incides with the interface, the Ox axis is perpendicular to the
beam direction, and the axis Oz is normal to the surface and is
directed opposite to the gravitational force, the components of
the scattering vector q = kin - ksc in the interface plane are
qx ≈ k0φ and qy ≈ k0(α
2 − β2)/2 and the normal component is
qz ≈ k0(α+ β) (α, β << 1, φ ≈ 0).
According to the method described in [9, 16], the interface
sample was prepared in a thermostatic cell, which was then
placed on an optical table with active vibration isolation. Deion-
ized water (Barnstead, NanoPureUV) with a volume of ∼ 100mL
was used as the bottom bulk phase. About ∼ 50mL of the solu-
tion of n-triacontanol in n-hexadecane with c ≈ 0.6mmol/kg was
used as the top bulk phase. Saturated hydrocarbon C16H34 (the
melting temperature is 291K, the boiling temperature is 560K,
and the density at 298K is ≈ 0.77 g/cm3) was preliminarily pu-
1
2Figure 2. Reflection coefficient R versus qz for various phase
states of the adsorbed n-triacontanol film at the n-hexadecane –
water interface: (1) multilayer at 296.1K (T < T ∗), (2) liquid
multilayer at 298.0K (T ∗ < T < Tc), and (3) vapor at 321.0K
(T > Tc). The solid lines correspond to models of capillary wave
structures. The inset shows the kinematics of surface scattering
in the coordinate system where the xy plane coincides with the n-
hexadecane – water interface, the Ox axis is perpendicular to the
beam direction, and the Oz axis is perpendicular to the surface.
rified by repetitive filtering in a chromatographic column [17].
30-alcohol or C30H62O was doubly purified by recrystallization
from the supersaturated solution in n-hexane.
Measurements of R(qz) at low qz values impose constraints on
the longitudinal (along the Oy axis) dimension of the sample,
which is 75mm (the transverse dimension is 150mm). First, this
is due to the effect of boundary conditions near the walls of the
cell on the planarity of the interface. Second, the longitudinal
dimension of the illuminated region of the sample at the smallest
glancing angle ≈ 4 · 10−4 rad ( qz ≈ 0.007 A˚
−1) and the smallest
vertical dimension of the beam ≈ 10µm is ∼ 30mm. A suf-
ficiently flat region of the n-hexadecane – water interface with
such a width applicable for the measurement of scattering was
obtained only in cells thicker than 75mm.
The parameters of the optical measurement scheme were con-
sidered in detail in [9, 15, 18]. At small glancing angles, the
vertical dimension of the incident beam is determined by slits
spaced from the center of the cell by a distance of ∼ 120mm
and the natural divergence of the beam ∼ 10−4 rad is reduced
to ∼ 2 · 10−5 rad by two input slits with a gap of ∼ 10µm at
a distance of ∼ 600mm. In the region of large glancing an-
gles (qz > 0.2 A˚
−1), the maximum vertical dimension of the in-
put slits of 0.4mm at measurements of is specified by the cho-
sen vertical angular resolution of the detector in the yz plane,
∆β ≈ 1.2 · 10−3 rad (the slit with a vertical gap of 0.8mm at a
distance of ≈ 680mm from the center of the sample).
Figure 2 shows the dependences R(qz) for various phase states
of the adsorbed n-triacontanol film. At qz < qc = (4pi/λ)αc≈
0.01 A˚−1, the incident beam undergoes total external reflection;
i.e., R ≈ 1. The total external reflection angle αc = λ
√
re∆ρ/pi
≈ 6 · 10−4 rad (where re = 2.814 · 10
−5 A˚ is the classical electron
Figure 3. Angular dependencies of the surface scattering inten-
sity In at the glancing angle α ≈ 3.3 · 10
−3 rad for various phase
states of the adsorbed n-triacontanol film at the n-hexadecane –
water interface: (1) 296.0K (multilayer, T < T ∗); (2) 298.0K
(liquid monolayer, T ∗ < T < Tc); and (3) 325.2K (vapor,
T > Tc). The solid and dashed lines correspond to the models
of capillary and noncapillary wave structures, respectively.
radius) for the n-hexadecane – water interface is determined by
the difference ∆ρ = ρw − ρh between the bulk electron densities
in the hydrocarbon solvent ρh≈ 0.27 e
−/A˚3 and in water ρw ≈
0.33 e−/A˚3.
Figure 3 shows data for the normalized intensity of diffuse
surface scattering In(β) ≡ (I(β) − Ib(β))/I0 (the normaliza-
tion condition is In(α) ≡ 1) obtained at the glancing angle
α ≈ 3.3 · 10−3 rad (≈ 0.19◦) for various phase states of the inter-
face. Here, I(β) is the number of photons scattered by the bulk
of the sample and reflected (specularly and diffusely) from the
surface in the illuminated region with an area of A0 ≈ 30mm
2
at the center of the interface in the β direction; I0 is the nor-
malization constant proportional to the intensity of the incident
beam, which was controlled in the experiment immediately be-
fore entry of the beam into the cell; and Ib(β) is the number of
photons scattered in the bulk of n-hexadecane on the path to the
interface, which is determined by the method described in detail
in [16]. The most intense peak on the curve In(β) corresponds
to specular reflection at β = α, and the peak against the diffuse
background at β → 0 illustrates an increase in the scattering
intensity at β = αc [19]. The measurement of In(β) was per-
formed with a collimated beam with the angular divergence in
the vertical plane ∆α ≈ 5 · 10−5 rad and ∆β ≈ 3 · 10−4 rad.
From data for R(qz) and In(β), we obtain information on the
surface normal structure of the interface using the distorted wave
Born approximation [20]. According to the model approach de-
scribed in [16, 18], the interpretation of experimental data is
reduced to determining the parameters of the structure factor
function of the interface Φ(q), which is in turn specified by the
chosen model of the electron density distribution 〈ρ(z)〉 across the
interface. Symmetric model profiles 〈ρ(z)〉 are constructed with
the error function erf(x), which is used in the standard theory of
capillary waves [21].
The qualitative model of the structure of the adsorbed C30-
alcohol film at the n-hexadecane – water interface shown in Fig.
4 provides a self-consistent interpretation of reflectometry and
diffuse scattering data with a minimum number of fitting param-
3Figure 4. Model of the transverse structure of adsorbed n-
triacontanol C30H62O film at the n-hexadecane – water interface.
eters. Layers 1 and 2 describe the structure of the Gibbs mono-
layer and are formed by polar head parts -CH2OH (with a length
of ≈ 2.4 A˚) and hydrophobic hydrocarbon tails -C29H59 (with a
length of ≈ 38.3 A˚), respectively. As the temperature increases
near Tc, a significant fraction of C30H62O molecules adsorbed in
the Gibbs monolayer are evaporated from the interface and are
dissolved in the bulk of the hydrocarbon solvent. Thus, the gas
phase of the monolayer is implemented. Additional thick layer
3 is necessary to qualitatively explain a high intensity of graz-
ing diffuse scattering, which exceeds the calculated value for the
capillary wave channel of elastic scattering for all phase states of
the adsorbed film.
At T > Tc, the dependences R(qz) and In(β) in the gas phase
of the interface are fairly well described within a single-parameter
model with the structure factor
Φ(q)V = e
−σ2q2/2. (1)
The minimum value of the parameter σ2, which determines the
width squared of the interface, is limited by the capillary width
squared:
σ20 =
kBT
2piγ(T )
ln
(
Qmax
Qmin
)
, (2)
which is in turn specified by the short-wavelength limit in the
spectrum of capillary waves Qmax = 2pi/a (where a ≈ 10 A˚ is
the intermolecular distance) and Qmin = q
max
z ∆β/2 (where q
max
z
is the maximum qz value in the experiment) [22-26].
The dependence R(qz) calculated by Eq. (1) for T > Tc with
the fitting parameter σ = 3.4 ± 0.2 A˚ is shown by line 3 in Fig.
2. Within the error, σ coincides with σ0 = (3.59 ± 0.04) A˚ for
this measurement. On one hand, this calculation without free
parameters describes the dependence R(qz). On the other hand,
the observed diffuse scattering intensity at T > Tc is noticeably
higher than that calculated by Eqs. (1) and (2) (solid line 3
in Fig. 3). To describe In(β) by means of Eq. (1), the fitting
value σ ≈ 6.5 A˚ should be taken for the effective width (dashed
line 3 in Fig. 3); Eq. (2) gives σ0 ≈ 4.3 A˚ taking into account
the difference in ∆β and qmaxz in measurements of In and R.
This indicates that the interface has an internal structure with
a width larger than
√
σ2 − σ20 ∼ 5 A˚, which has a noncapillary
wave nature [27].
At T < Tc, the reflection coefficient R(qz) in the liquid phase of
the Gibbs monolayer is fairly well described within the qualitative
two-layer model of the structure factor (lines 1 and 2 in Fig. 2):
Φ(q)L =
e−σ
2q2/2
∆ρ
2∑
j=0
(ρj+1 − ρj)e
−iqzzj , (3)
where z0 = 0, ρ0 = ρw, and ρ3 = ρh. The relative electron
densities are ρ1/ρw = 1.10 ± 0.03 and ρ2/ρw = 0.90 ± 0.03 and
the coordinates of the layer boundaries are z1 = 10 ± 2 A˚ and
z2 ≈ 27 A˚. The total thickness of the Gibbs monolayer is z2 −
z0 = (27 ± 2) A˚. The calculated values σ0 = 3.7 ± 0.1 A˚ and
σ0 = 4.1 ± 0.1 A˚for lines 1 and 2, respectively, coincide within
the experimental error with the respective fitting values σ =
3.8± 0.2 A˚ and σ = 4.3± 0.2 A˚.
The observed scattering intensity In(β) in the range Tc > T >
T ∗ ≈ 296K is insignificantly higher than the calculated value
(solid line 2 in Fig. 3) and can be described by Eq. (3) with
the effective width σ ≈ 5.9 A˚ (dashed line 2 in Fig. 3), which is
larger than σ0 ≈ 4.3 A˚obtained from Eq. (2).
Finally, intensity In(β) increases significantly at T < T
∗(see
experimental points 1 in Fig. 3). Fitting Eq. (3) to all these
data gives the width σ ≈ 30 A˚, whereas σ0 ≈ 5.4 A˚.
The range of angles of observation of the diffuse background in
scattering experiments is limited to β < 0.006 rad or qz < q
∗
z ∼
0.07 A˚−1, whereas the maximum value qmaxz in reflectometry ex-
periments is about 0.4 A˚−1. On one hand, the reflectometry data
are quite well described by the parameter calculated by Eq. (2).
On the other hand, the effective roughness of the surface accord-
ing to diffuse scattering data is > 6 A˚, which can reasonably be
attributed to the existence of an extended near-surface structure
(layer 3 in Fig. 4) thicker than 2pi/q∗z ≈ 100 A˚. Then, a high
grazingscattering intensity at T < T ∗ ≈ 296K can qualitatively
be explained within a three-layer model (multilayer adsorption)
[16]:
Φ(q)∗L +
δρe−σ
2
3
q2z/2
∆ρ
e−iqzz3 . (4)
Here, the second term describes the third layer with the thickness
z3−z2 and density ρh+δρ, the parameter σ3 reflects the noncap-
illary wave structure of the boundary of layer 3 with the solvent,
and Φ(q)∗L is given by Eq. (3) with the substitution ρ3 = ρh+δρ.
The intensity In(β) calculated by Eq. (4) is shown by dashed
line 1 in Fig. 3. The estimated thickness of the thick layer is
z3 − z2 ≈ 200 A˚, the parameter δρ/ρw is 0.02 − 0.09, and the
width is σ3 ≈ 20− 40 A˚. The density ρh + δρ corresponds to the
electron density in a high-molecular-weight alkane liquid [28].
The experimentally observed broadening of the central peak on
line 1 is possibly due to small-angle scattering from micelles in the
bulk of n-hexadecane, which was disregarded in the calculations
of In(β).
Model profiles of the electron density 〈ρ(z)〉 for mesophases of
the adsorbed C30-alcohol film in units of ρw are shown in Fig.
5. At T > Tc, the gas phase of the Gibbs monolayer (structure
3), which is characterized by a single parameter, the interface
width σ ≈ 3.4 A˚, is implemented in the adsorbed film. In the
range T ∗ < T < Tc, the liquid Gibbs monolayer with the thick-
ness (27±2) A˚(structure 2) is implemented. The observed diffuse
scattering intensity in these phase states of the adsorbed film ex-
ceeds the calculated value for the capillary wave channel of elastic
scattering and indicates the presence of the weakly contrast layer
3 with a thickness of ∼ 100 A˚in the surface structure. Structure
1 at T < T ∗ differs from structure 2 in the presence of the dense
(ρ3 ≈ 0.9ρw) and thick (∼ 200 A˚) layer 3. Such a structural
change can be called multilayer adsorption.
We believe that the participation of n-triacontanol–micelle ag-
gregates in the formation of the structure of the adsorbed film can
explain a surprisingly high background of diffuse scattering in all
phase states of the n-hexadecane – water interface, which cannot
be due to scattering on thermal fluctuations of the interface. The
characteristic diameter of a spherical micelle is about two lengths
of the C30-alcohol molecule, i.e., ≈ 80 A˚ (∼ 2pi/q
∗
z ). The incom-
plete filling of surface layer 3 with a thickness of ∼ 200 A˚ can be
responsible for the observed blurring or a large width σ3 ≈ 30 A˚
4Figure 5. Model profiles of the electron density 〈ρ(z)〉 of the
adsorbed C30-alcohol film in units of the electron density ρw =
0.333 e−/A˚3 in water under normal conditions: (1) the model
with an extended layer given by Eq. (4) at T < T ∗, σ = 4.3 A˚
σ3 = 30 A˚; (2) the model of the Gibbs liquid monolayer given by
Eq. (3) at T ∗ < T < Tc and σ = 3.8 A˚, and (3) the model of
the gas phase given by Eq. (1) at T > Tc and σ = 3.4 A˚. For
convenient comparison, profiles 2 and 1 are shifted along the y
axis by 0.1 and 0.2, respectively. The position of the interface
between the polar region of n-triacontanol molecules and water is
placed at z = 0.
of the interface between the adsorbed film and bulk.
The described structures of neutral surface mesophases of
the C30-alcohol at the n-hexadecane – water interface notice-
ably differ from the structure of both the solid phase of its
Langmuir monolayer on the water surface and its mesophases
at the n-hexane – water interface [29]. In particular, the ob-
served thickness (27 ± 2) A˚ of the n-triacontanol Gibbs mono-
layer at the n-hexadecane – water interface (area per molecule
is A = (29 ± 3) A˚2) is noticeably smaller than (36 ± 2) A˚ (area
A = (24± 1) A˚2) at the n-hexane – water interface.
To conclude, the analysis of scattering data has shown that,
with decreasing temperature T , a two-dimensional condensation
transition of the C30-alcohol to the Gibbs liquid monolayer at the
interface at the temperature Tc is followed at the temperature
T ∗ by a transition to its multilayer adsorption. We believe that
this adsorption is caused by an increase in the concentration of
micelles in the 100- to 200-A˚-thick surface layer. The observation
of such transitions in two-component adsorbed fluoroalkanol films
and in C30-alcohol and C30-acid single-component films at the n-
hexanewater interface was reported earlier [9,30,31].
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